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Tests of a fluidized-bed seawater heat exchanger showed that

350°F was the maximum temperature to which seawater cnuld be

heated without scale formation in the bed during once through

flow of seawater.

Twelve material and coating combinations were exposed to a two-

phase salt-water jet to simulate the environment of rotary-

separator-turbine rotor materials. The materials, except for

bare aluminum and some brittle coatings, passed four-hour screen-

ing tests.

A hydraulic version of th~ Biphase reaction turbine can re-

cover reverse-osmosis reject-brine pressure energy with effi-

ciency of over 70t. A two-phase version can recover pressure

energy and provide additional power for pumping from a waste

heat source. Integration cf a high-pressure reverse-osmosis

pump into the turbine is not as efficient as using a separate

pump and turbine coupled together.

A system configuration was developed for a desalination-power

system which uses the waste heat from diesel engines in the power

plant at San Nicolas Island, CA.



l, INTRODUCTION

The Biphase Rotary Separator Turbine (RST) produces power 

expanding a two-phase (liquid and gas) fluid from a higher to 

lower pressure. In a desalination system, the RST can produce

both power and potable water. In previous work Biphase Energy

Systems developed an RST for power production from geothermal,

waste-heat and solar-energy resources.

In more recent work, Biphase Energy Systems developed the concept

of using an RST in a desalination cycle that used waste heat as

the energy source. The U.S. Department of the Interior, Office

of Water Research and Technology, supported a study which optimized

RST desalination - power cycles and identified benificial use of

components with conventional desalination processes C]). The

operation of ~n RST using seawater for the working fluid was de-

monstrated and a conceptual design of a desalination-power system

was developed.

This study raised three key issues for development of the desalin-

ation-power cycles. These issues are:

The efficiency of the Biphase desalination-power cycle is,

like o~her thermal desalination processes, dependent on the

maximum temperature to which saltwater can be heated in the

equipment. Fluidized-b~d technology’proyides potential for

higher-than-conventional temperatures which are. limited by

scale formation. The maximum temperature that saltwater can

be heated in a fluidized-bed heater and the materials that the

RST must be made of for csrrosion-and-erosion-free opgration

are important limitations on system p~rformance and economics.

2. ,The RST has potential application in reverse-osmosis systems.

The turbine cab operate.las the power source, high-pressure

and energy-recov¢i~l~i~v~{ce. The feasibility of thispump

concept depends on the turbine performance limits which are

not kBOWno



Yhe requirements for a demonstration desalination-power

system for a typical application using a waste-heat energy

source need to be delineated.

This report describes the investigation into these issues. The

following section summarizes the results of the project. Later

sections describe fluidized-bed experiments, corrosion-erosion

tests, the design 9f a reverse-osmosis turbine and a desalination-

power system application in greater detail.



2. SUmmARY OF RESULTS

HEATIN~ SEAWATER WITH A FLUIDIZED BED

We tested seawater fluidized beds of metal and ceramic beads. The

beads were contained in I/2-inch diameter vertical tubes.

I. Bare tubes (without bed material) scaled as expected at 260°F

and even more at higher temperatures.

2. The £1uidized bed improves dramatically the heat transfer rate

between the tube wall and the seawater.

5. Ceramic bed materials are not as effective as the more dense

metal particles in eliminating scale on the tubes.

4. 330°F was the maximum temperature that the seawater can be

heated to without scale forming in the fluidized bed during

once through flow of the seawater.

5. Close attentionmust be paid to the bed geometry to provide a

uniform flow throughout the bed. Lower flows in certain areas

can lead to areas of unstable scale buildup.

6. Pot heatigg to higher than 530°P, a system that recirculates

the seawater flow through the bed is required. Reducing the

heat fluxes to the seawater (with a gas as the heating fluid

instead of steam, for example) could reduce scaling tendency.

Also, additives might reduce scaling.

CORROSION-EROSION TEST OF ROTOR MATERIALS

Twelve material-gnd-coating combinations were exposed to a two-

phase saltwater jet for four-hour screening te~ts. The test

simulated the environment of RST rotor materials in desalination-

power systems. All materials except for bare aluminums and some

brittle coatings passed the test. The materials which passed

should be tested for longer periods to determine incubation

time effects, and resistance to cavitation-type erosion.



TURBINE-PUMP UNIT FOR REVERSE OSMOSIS

We analyzed the performance of a turbine and pump in combination

with reverse osmosis desalination systems.

A hydraulic reaction turbine is projected to economically

recover reverse-osmosis reject-brine power with an efficiency

of over 70%. The turbine will reduce the pumping power re-

quired by the RO plant by 35%. A prototype of the unit should

be built and tested.

A two phase version of the turbine can be combined with a

reverse osmosis plant to generate fresh water from waste heat

sources. The system is projected to produce 5.6 pounds of fresh

water per i000 Btu of heat input.

The combination of the high-pressure reverse-osmosis pump and

the power-recovery turbine in the same housing would provide

a simple machine. However, this combination is not as effi-

cient as using a separate pump and turbine that are coupled

together.

We developed the configuration for a desalination-power system.

The configuration was based upon using the waste heat from the

power plant at San Nicolas Island, California.

A demonstration desalination system using a Biphase rotary separator

turbine can generate 29 hp and 2900 gpd of fresh water. During peak-

power demand, production increases to $7 hp and 5700 gpd of fresh

water.



3. HEATING SEAWATER WITH A FLUIDIZED BED

In a fluidized bed, a fluid flows vertically upwards through a bed

of solid particles. If the fluid velocity is high enough, the

particles become fluidized. ’The gravity force on the particles is

balanced by the upward drag force of the fluid. The particles move

irregularly within the bed. If the fluid velocity is not too high,

the particles do not flow with the fluid out of the top of the bed.

WHY FLUIDIZED-BEDS?

Formation of calcium sulphate scale limits conventional seawater

heat exchange r operation ~o about 275°F. Scale decreases heat-

transfer rates and blocks flow. Higher seawater temperatures pro-

vide greater power- and water-production performance in Biphase and

other desalination systems. Increasing the temperature from 275 to

400°F in Biphase desalination-power cycles doubles power-production

efficiency from 3 tb 6 percent (i). Seawater fluidized beds have

potential to supply seawater at higher more-efficient temperatures.

The action of the fluidized bed limits scale formation on the heat

transfer surfaces.

Hatch and Weth (2) tested seawater fluidized beds in 1½-inch tubes

in a steam-heated loop. The flow rate circulating through the beds

was 20 to 50 times the seawater makeup added to the loop. Scale

did not form on the heat transfer surfaces for at least up to 400°F

maximum seawater temperature. Some scale deposited in the separa-

tion region above the fluidized bed and in the recirculating lines.

Filters were able to remove precipitated scale compounds from the

heated seawater as a muddy slurry. Hatch and Weth also operated

fluidized beds with once-through seawater flow with no scale at

350°P.ma~imum seawater temperature. Other investigators [3-8) have

tested saltwater fludized beds with similar results.

BIPHASE SYSTEM REQUIREMENTS

A single-stage Biphase desalination-power system, Figure 3-1, with

" a 400°F maximum seawater temperature can produce 9000 gallons per





day and 90 hp from the energy in 7.6 lb/s of 760°F exhaust gas (1).

Larger systems can be scaled from this size. Waste exhaust gas

heats the seawater in the fluidized-bed heater, The following are

considerations for design of the fluidized-bed heater:

i. Seawater must flow vertically upward through the fluidized bed.

Fluidized beds have high heat-transfer rates between the fluid

and the enclosing surfaces. In this application, the low gas-

side film coefficient controls heat transfer, so a large gas-

side surface area is necessary.

3. All surfaces which transfer heat to the seawater should be

exposed to the fluidized bed to limit scaling.

Fluidized beds tend to be isothermal due to the mixing of parti-

cles. Staging or multiple passes are required to extract the

most energy from the exhaust gas. For beds in thin long tubes,

the isothermal.tendency is probhbly reduced.

5. Liquid-side superficial velocity is limited to a narrow band

which causes pzoper fluidization of the bed. The velocity is

lower for smaller and less-dense particles.

6. Gas-side’pressure drop should be about five in. H20 to be compa-

tible with exhaust-gas sources. Gas side should be designed to

avoid fouling by exhaust-gas particles.

7~ The minimum gas-side wall temperature must be above the acid

dew point in the exhaust gas.

There are two possible fluidized-bed seawater-heater configurations

in a Biphase desalination/power system. These are:

Fluidized-Bed Inside Finned Tubes (Figure 3-2}. The seawater

flows through a number of vertical passes. Each pass consists

of several vertical tubes which join together in a manifold at



U

Figure 5-2. Seawater Heater General Arrangement
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the top and bottom. The seawater fluidized bed is contained

inside the tubes (solid black area in cutaway in Figure 3-2).

After the seawater reaches the top of the bed, the seawater

flows down through a pipe to the bottom of the next pass.

Fluidized-Bed on Shell Side (Figure 5-3). The gas flows

through the tubes. The seawater flows through multiple passes

on the shell side. This configuration has been developed by

Allied Chemical Corp. (6-8) for transferring heat from hot

geothermal brines. When exhaust gas is on the tube side, the

gas side is less susceptible to particulate fouling than when

exposed to externally-finned tubes. Maintaining uniform fluid-

ization is more difficult with beds on the shell side. Also,

shell-side beds require a large recirculating flow to keep the

prope~ seawater velocity for fluidization. A vertical con-

figuration is also possible. The fluidized bed limit~ scale

and improves heat transfer more on vertical ~arfaces. However,

tubes are exposed to hot sea water outside of the bed in the

disengagement space above the bed.

The c~nfiguration with the fluidized bed inside the finned tubes

is more practicable and was the basis for our fluidized-bed tests.

FLUIDIZED-BED TESTS

We tested seawater_fluidized-beds contained in 1/2-inch inside-

diameter tubes. We sought to determine the maximum temperature

to which the seawater can be heated without scale forming in the

fluidized-bed heat exchanger.

TEST SYSTEM

Figure 5-4 is schematic of the test system. Seawater flowed from a

storage tank, through a 7~m filter and pump to a preheater. Low-
pressure steam from a small boiler heated the seawater to 200°F in

the preheater. The seawffter temperature was controlled by regulat-

ing the steam pressure.

10



Figure 3-3. Liquid Fluidized-Bed Heat Exchanger Designed
for Improved Flow Distribution



~IGH

~W

S~P~
25 psig

SEAWATER
TANK

HIGH PRESSURE’
STEAM REGULATOR

FILTER

2oo°~

TE~ FILTER

Figure 3-4. Test S~stem Schematic
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The sem<ater the~ flowed to one, two, or three test heat ex-

changers. A steam-supply system provided saturated steam up to

dO0 psia. Condensing steam heated the seawater in the test heat

exchangers. The temperature of the seawater at the test-heat-

exchanger outlet was controlled by regulating the steam pressure.

Next, the seawater flowed from the heat exchangers to a test

filter. The filter removed scale precipitates from the seawater.

After filtering, the seawater was discarded. Appendix B gives

additional details about the test system.

The eventual application of seawater fluidized beds in Biphase

systems points to seawater being heated by hot gas. The gas gives

a much lower hqt-side heat transfer coefficient than does con-

densing steam. The heat flux is also less. However, steam heat-

ing gave greater control over the hot-side temperature in the

test heat exchanger.

A local utility ~upplied seawater from their power plant’s sea-

water clear well. Table 3-i lists the chemical composition of

the seawater.

Table 3-1. Seawater Composition

ppm

Cloride 21,000.0

Sodium 12,156.7

Sulfate 2,855.8

Magensium 1,287.9

Calcium 400.4

Bicarbonate 170.9

Silica 16.0

Carbonate 0

Nitrate 0

Borate 0

Total Disolved Solids 37,888

13



TEST HEAT EXCHANGERS

The fluidized beds that we tested were contained inside $/8" OD

(0.459"ID) 90-10 CuNi tubes. The tubes, about seven feet long,

were surrounded by a 1~’ 304SS pipe. Heating steam flowed through

the annular space between the pipe and tube. The steam condensed

o~ the tube and heated the fluidized bed. Figure 3-5 is an assembly

drawing of the fluidized-bed heat exchanger. An expansion joint

BE-933 at the bottom of the steam jacket allowed for thermal expan-

sion of the tube. Before entering the fluidized bed, seawater

flowed through a check valve which kept the bed material inside

the tube when the seawater flow was stopped. Figure 3-6 and 3-7

show the details of the expansion joint and check valve. The size

of the check valve ball was later decreased to eliminate clogging

with bed material.

The tubes were secured in the steam-pipe jacket by a tube fitting

screwed into the ends of the steam jacket and brazed to the tube.

The tubes were easily removed for sectioning by cutting through

these fittings. Then another tube could be installed in the steam

jacket.

At the top of the bed, the seawater flowed through high-pressure

6"-high sigh~ glasses. The sight glasses enabled us to observe the

top of the bed. The sight glass, which had a flow area about three

times the area of the 0.495" ID tubes, also provided a region for

the bed material to disengage from the seawater flow because of

lower water velocity. In some sight glasses we inserted a glass tube,

with the same inside diameter as the copper-nickel tubes, in the

flow path inside the sight glass. The sight glass body contained

the 300 psig pressure, and the glass tube contained the flow. Thus,

we were able to observe the action of the bed as it occurred in the

tubes and more precisely control the bed height.

Figure 3-8 shows three uninsulated heat exchangers in the test stand.

The preheater is the horizontal cyclinder behind the exchangers.

The low-pressure steam boiler is beside the exchangers to the right.

14
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F£gure 3-8. Fluidized*bed Heat Exchangers



Table S-2 lists the bed materials that we tested in the fluidized

beds. The expansion of the fluidized bed is determined by seawater

velocity in the tube, particle size and density. Appendix A sum-

mari:es the fluid-mechanics of liquid-fluidized beds. During the

tests, the bed expanded to a height that was 2 to 6 times the

height of the unexpanded bed.

Table S-2. Bed Materials

Material

Silica Glass Bead
[Potters A-f10)

Aluminum Oxide Bead
[Coors Mini-~edia)

Zirconium Oxide Bead
[Coming Glass)

Cut-wire 504 ~tain-
less Steel
Cylinders

Lead Shot #9

Size Specific GravitZ

.039-047 in. dia. 2.8

.062 in. dia. 3.6

.062 in. dia. 5.4

.045 in. dia. x

.060 in. long 7.8

.075 in. dia. 11.4



TEST RESULTS

We ran four sets of tests, each with a different configuration

of test heat-exchanger tubes. The first tests were baseline

tests of bare-tube heat exchangers without any bed material. The

seawater flowed through three o£ the tubes in series. In the

second set of tests, we ran two tubes in series containing fluidized

beds. The third set of tests were of a single-tube fluidized bed.

The fourth set of tests used a two-stage arrangement. Two-tubes in

series were heated by steam condensing at two-different temperatures.

The outlet temperature of the seawater, the bed material, and the

bed expansion were varied during the tests. The seawater outlet

temperature was controlled by adjustment of the heating-steam

pressure.

During the tests we watched for scale formation in the sight glasses.

After the tests we cut open the copper-nigkel tubes to observe any

scale that had formed. Ten identical copper-nickel tubes were run

during the tests. Also, changes in the height of the fludized bed

indicated scale formation. The scale reduced the flow area of the

tubes and increased the seawater velocity. The higher velocity ex-

pands the bed more and increases the bed height.

Table 5-5 is a list of the test runs.



Table 3-3. Seawater Heat Exchanger Test Runs

/ EXPANSIONI REMARKS

A. BARE TUBE TESTS: 3 IN.SERIES

TUBE #1 TUBE #2

1 8.5 260/none 285/none

2 6.0 260 280 295

3 7.7 270 295 305

4 5.9 260 285 300

5 2.3 260 285 300

6 7.6 260 285 300

7 8.1 260 285 300

8 6.0 260 285 300

9 4.6 260 280 300

10 2.0 280 330 350

0.25 310 375 400

11 0.5 300 360 385

12 5.0 320 380 410

13 4.0 285 330 340

14 2.0 200-400

15 6.5 295 330 350

16 2.0 295 330 350

]7 - 80/A]203 80/Al203 80/A]203

TUBE #3

300/none All runs with seawater unless noted.

Added Mane1 fittings.

Fresh water run,

Al203 beads in formerly bare tubes
don’t move freely because of scale,
changed tubes.

FILTER
HRS



Table 3-3

RUN

B.

18

(continued)

Tl~O FLUIDIZED BEDS IN SERIES

0.7

TUBE #4 TUBE #6

~ ~0/A120313X

19 2.0 " 350

20 6.0 " 350

21 4.5 " 350

22 6.0 " 350

23 3.5 " 400

26

SINGLE ~U~ BED

1.5

TUBE #6

400/A1203/3X

1.5

1.5

Fresh water run, check valves
clogged so reduced size of check
balls.

Clog ~n sight glass cleaned.

Scale in sight glass.

Flow required to fIuidize Js
reduced.

Outlet pipe clogged with scale,
cleaned.

Beads and scale clog sight glass and
tube.

Beads and scale clog sight glass and
tube.

FILTER



Table 3-5

RUN

(continued)

27 2.0

28 1.75

2g 2.75
Tube #6

TUBE #7

30 3.0 350/ZrO/3X

31 1.5 " clogged

32 1.25 340/ZrO/5X

33 7.0 "

34 7.0 "

FILTERHRs

#5 tube has unheated top section.
Clog of beads and scale in tube.

Clog of beads and scale in tube.

Clogged. Two sight glasses at top
of tube for this and subsequent tests.

Hard scale in lower sight glass (LSG),
soft above.

Stable

Stable but flow rate must be decreased
to maintain bed height.

Clog beginning, flow rate continues to
decrease



Table 3-2° (continued)

RUN I DURATIONHRS "1SEAIqATERTEMpMAXoF / HA~IAL / EXPANSION

39

35 0.75

36 1.5

37 1.5

38 2,8

Tube #8

370/Al10 glass/3X

350/1ead/2x

Tube #g

3.0 300/lead/2X

7.5 300/lead/2X

REHARKS

Clog in upper sight glass (USG)

Clog Jn USG - stop, cleanout

Clog developed in USG

F]LTER
HRS

41 5.0

42 6.0

43 7.0

44 5.5

45 6.0

~O/lead~X

320/1ead~X

330/Cut gire/3X

340/Cut ~re/3X

330/Cut Hire 4/X

Trace scale in tube,

Sight scale in LSG.

Heavy clog in lower 1/6 of tube,
cleaned.

Thin scale LSG.

Carbon
Element

5.0

5.0

6.5

5,5

2, hi~ P



Table 3-3. (continued)

46 5.0 330/Cut Nire/4X

47 7.3

FILTER
HRS

.4.0

CIeaned
filter.
4 layers
of de-
posits.

D. ~O-STA~ FLUIDIZED BED

~be #9 ~be #lO

~ 2.0 33~t ~r~ ~t Wire/4X

49 8.0 " "

50 6.7 " 345/Cut ~/~

51 6.0 " "

52 6 ̄  0 " "

Cleaned sight glasses and
intermediate tube on hotter tube
(#lO)

6061T6 Test
Cleaned sight glasses and
intermediate tube,

~eTde~ght glasses and
intermediate tube~

2

8

6.7

6

5.5 back
flush



53 4.0 330/Cut~.~|re/4X

54 4.5 .330/Cut Wi~e/4X

55 5.5 330/Cut WtPe/4X

56 5.5 "

57 5.5 "

58 3.0 "

59 6.5 "

345/£Ut ~tre/4X

345/Cut ~ire/4X

3SO/Cut Wire/4X

FILTER
HRS

6061T0 Test
Cleaned clog in #lO upper sight
glass and intermediate tube.

4

6061T0 Test
Cleaned clog in #I0 upper sight
glass and intermediate tube.

HY-80 Test
Cleaned scale from #lD upper sight
glass and intermediate tube.

7075T73 Test
Cleaned scale from #10 upper sight
glass and intermediate tube.

New Carbon
El ement

4.5

5.25

5.2

Inconel 625 Test
Cleaned scale from #10 upper sight
glass and intermediate tube.

Hone1
El ement

5

HY-80 & Inconel Test, Power failure, 3
I/2 hr boiling in tubes, cleared sight
glasses and intermediate tube.

Cleaned as above, HY8O + 6
Inconel Test , 7075T73 + Cleaned
Nickel Test.



Table 3-3(continued)

SEA~ATERTE~pHAXoF / I~a, TER~ALBED /

60 5.0 330/Cut Wire/4X -350/Cut Wire/4X

61 6.0 " "

62 6.0 " "

63 5.5 " "

REMARKS

Adiprene Test, cleaned.clog in
intermediate tube

~S~y~e~ ~p~ tests, began

Ti Test, cleaned scale fro~ #lO
USB and intermediate tube

HY-IO0 + CM500 Test.

I
FILTERHR$

4.5

4.0

Old Carbon Element

5.5



Bare Tube Tests

In the first test series we ran the heat exchangers without any bed

material. These tests allowed checkout of the system and provided

a baseline for comparison to the fluidized bed tests. Seawater

flowed through three tubes in a series (#1, #2, #3), Figure 3-9°

The preheater heated the seawater to 220°F before the first tube.

Steam inside the tube jackets condensed on the tubes providing

heat to the seawater. We ran the tubes with a maximum seawater

temperature of 300°F for 57 hours in a series of daily runs aver-

aging six hours. Then we ran at higher temperatures up to 400°F

for eleven hours. Special precautions were taken when stopping a

run to avoid boiling the seawater in the tubes. First the steam

flow was stopped and then the seawater flow was maintained until

the seawater outlet temperature cooled to below 200°F.

After the runs we cut the tubes lengthwise to examine the scale.

The first tube showed a dark scale, a combination of magnesium

hydroxide and calcium sulphate, which increaaed in thickness from

0.0 at the bottom to 0.02 inches at the top. In the second tube,

the scale color changed gradually to a white scale --0.06 inch

thick at the top. In the third tube the scale formed small crystal

fingers about 0.07 inches thick which increased in length from the

bottom to the top where they almost completely blocked the tube.

Chemical analysis showed this scale was predominately calcium

sulphate.

Two Fluidized-Bed Heat Exchangers in Series

Next we ran two-tubes in series (#4 and #6) with 1/16 inch diameter

AI203 beads. The configuration was the same as Figure 3-9, but with

two instead of three tubes. The fluidized bed breaks up the boundary

layer’next to the tube walls. This increases the transfer of heat

from the tube wall to the seawater. Thus, two tubes provided

enough heat transfer area to heat the seawater to 400°F. The tubes

were filled with beads tc give a 3x expansion of the bed at 0.3 gpm

flow.
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Figure 3-9. Three Tubes in Series

SIGHT GLASSES

(Bare Tube Tests)
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~e tubes ran with 350°P maximum seawater temperature for Ig.S hrs

and for 3.5 hrs at 400°~. Clogs of beads and scale precipitate

formed at the bottom inlet to the sight Elasses which had to he

cleaned about every four hours. Beads entered the enlarged flow

area region in the sight glass where the bed expansion was locally

reduced. The beads were stuck together by scale precipitates. Them

the scale and bead plugs backed up into the tubes. Scale deposited

on the sight glasses and in the tubes downstream of the fluidized

beds, We next ran the hotter #6 tube by itself at 400°F for 4.5 hrs.

~en sectioned, both tubes had a hard white scale averaging 0.07

inches thick. The #6 tube had regular plugs of scale about every

two feet. This can be explained as follows. When the scaling

started at a spot in the tube, the local water velocity increases

and keeps beads away from the surface as shown in Figure 3-10.

This creates an unstable condition and forms a local obstruction.

These plugs impede~ the movement of the beads so that solid cyl-

inders of beads and scale formed inside the tubes.

Clearly, the scale and bead plug-up was not satisfactory for long

term operation.

Tests with O~e Heat Exchanger

The next test series employed only one tube. With one tube, the

heat transfer area was still sufficient to heat the seawater. And

with one tube, the number of locations susceptible te plugging was

reduced.

Also, to reduce the sight glass plugging, we increased the length

of the unheated section of tube between the top of the steam jacket

and the sight gl~ss to 2 feet long (tube #5). In this manner, the

top df the bed was kept below the sight glass. After two hours at

400°F, with AI203 particles at 5X expansion, the pressure drop

through the tube increased from 8 to 195 psi due to a plug of beads



o
0

Figure 3-10. Plug Formation



and scale forming in the tube. Precipitate particles could be seen

flowing through the sight glass during the test. After clearing the

plug, we ran for 2 hours with ZrO (zirconium oxide) beads at 400°P.

The pressure drop only increased to 40 psi, but the same plugging

was occurring.

For the rest of the tests we ran at lower temperatures and mounted

two sight glasses downstream of the tubes as shown in Figure 3-11.

The first sight glass (lower one) had a glass tube inserted in the

flow path. The glass tube had the same inside diameter as the test-

heat-exchanger tubes. So, the flow area did not increase in the

bottom sight glass and we could watch the bed action. We maintained

the bed level in the lower sight glass to keep the particles away

from the upper sight glass. The upper sight glass still functioned

as a disengagement region for bed particles that traveled that high.

We ran tube #7 with ZrO beads at 3X expansion at 350°F maximum sea-

water temperature for 4.5 hours. The top of the bed was maintained

in the lower sight glass by adjusting the flow. During the test

the flow required to maintain the level decreased about 20% indi-

cating that scale was building on the tube walls and reducing the

flow area. A thin hard scale developed in the glass tube in the

lower sight glass. This area was exposed to the top of the bed.

Above this, the unheated section of tube had a 0.i inch thick layer

of softer scale. The tube was run for an additional 15 hours with

ZrO beads at 5X expansion to see if the more active bead action

would remove the scale or at least prevent additional buildup. After

15 hours the pressure drop across the tube increased to 20 psi indi-

cating that the tube was clogging with scale. Cutting open the tube

revealed a hard white scale over its entire length.

In a new tube (#8), smaller less-dense glass beads with a 4X expansion

developed clogs in the sight glasses in one hour. Maximum seawater

temperature was 370°F.
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PRESSU~ - -
STEAM

SIGHT GLASS WXTH
hLASS T~BE INSERE

S~WATER ~

Figure 3o1I. Fluid~zed Bed with Two Sight Glasses



We concluded that the ceramic materials were not dense enough to

provide cleaning action in the bed at the temperature and heat

rates we were testing.

Next we tested the lead shot and cut-wire stainless steel cylinders.

The denser material scours the tube walls more effectively. However,

the denser material requires a larger seawater velocity to fluidize

the bed. The scale-forming dissolved solids flow increases as the

seawater flow increases. The dissolved solids are a constant fraction

of the seawater flow. Also~ a higher heat flux at the tube wall is

necessary to heat a higher flowrate to the same temperature. This

increases the temperatures in the boundary layer along the tube wall.

Lead shot at 2X expansion and 550°F maximum seawater temperature

(#8 tube) produced clogs after 2 hours of operation. A thin hard

scale was observed over the entire length of tube #8.

Lead shot at 2X expansion in a new tube (#9) did not clog after

21.5 hours of operation at 300-520°F maximum seawater temperature.

Only a trace of scale deposits appeared at the top of the heat

exchanger tubes.

In the next tests in the same tube, cut-wire stainless steel cylinders

rsn at 3X expansion, 540°F maximum seawater temperature. After 12.5

hours, the bedmaterial became stuck in the lower half of the heat

exchanger. We cleaned out the cylinders, then ran the tube for 18

hours at 330°F with less bed material giving a 4X expansion. After

6 hours at the lower flowrate (still 330°F) only a very thin layer

o£ scale formed on the glass tube in the lower sight glass. After

15 more hours, no clogging had occurred.

Thus, we concluded that 350°F was the limit for successful short term

operation of the fluidized-bed seawater heat exchanger using the one-

tube cenfiguratiOn. The high heat-flux rates at the higher temperatures

and flows probably encouraged scale formation. Higher heat fluxes

make the tube walls exposed to the seawater hotter. To determine if

the seawater could be heated higher than 550°F, if the heat flux

through the tube was kept low, we built ~ two-stage heat exchanger.



Two-Stage Fluidized Bed

In the two-stage configuration, Figure 5-12, the heating steam was

a different pressure in each heat exchanger shell. In the first

stage the 110 psig (344°F) steam heats the seawater to 330°F. 

the second stage steam at up to 158 psig (560°F) heated the sea-

water up to 350°F. The preheater first heats the seawater to 220°F

as in earlier tests. The heat flux at the highest seawater temper-

atures is lower for this configuration than for the case when only

one exchanger heated the seawater to the top temperature.

Both stages ran with stainless steel cylinders at 4X expansion. We

kept the lower-temperature first-stage {tube #9) at 330°F maximum

seawater temperature. The second stage ran at 340 to 550°F maximum

temperature. During 86 hours of running the £irst stage operated

without additional scaling or clogging. Scale continually built up

in the hot side intermediate tube and upper sight glass. But,

clogging was eliminated if the scale was cleaned out about once

every six hours. ~Vhen cut open, the first stage tube {#9) showed

a thin dark scale at bottom gradually changing to a thin white scale

at its top. The second stage tube (#10) had a thicker .05 inch white

scale over its whole length.

FILTERIN~ SCALE PRECIPITATES

After flowing through the fluidized bed heat exchanger, the seawater

contains scale particles. The particles are removed mechanically

from the bed material and tube walls. Also, the scale particles

precipitate from the supersaturated seawater and may continue to

precipitate downstream of the fluidized bed.

Tests by Hatch and Weth (2) showed that when the seawater is heated

above $70°F (in a recirculating !oop) the scale particles formed 

muddy slurry on fi2ter elements. The slurry sloughed o~f of the

elements so the filtering could potentially operate continuously.



S~GHT GLASSES
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Figure 3-12 Two-Stage Fluidized "Bed



We constructed a seawater filter sh~n in Figure 5-13 to filter

seawater downstream of the fluidized beds. During runs of the

fluidized bed at 330o - 350°F, hard white plaster-like scale formed

on the filter during 3X bed-expansion. At 4X bed-expansion (higher

flow and higher precipitate loading~, the scale on the filter was

softer but still adherent. The scale did not flow off the filter

element in any of the filter tests. These tests occured at a

lower temperature and higher precipitate and particle load [per

unit of flow) than in Hatch and Weth’s tests.

CONCLUSIONS

1. Bare tubes (without bed material) scaled as expected at 260°F

and even more at higher temperatures.

2. The fluidized bed dramatically improves the heat transfer rate

between the tube wall and the seawater.

3. Ceramic bed materials are not as effective as the more dense

metal particles in controlling scale on the tubes.

4. 330°F was the maximum temperature that the seawater can be

heated to without scale forming in the fluidized bed during

once through flow of the seawater.

5. Close attention must be paid to the bed geometry to provide a

uniform flow throughout the bed. Lower flows in certain areas

can lead to areas of unstable scale buildup.

6. For heating to t~mperatures higher than 330°F, a system that

recirculates the seawater £1ow through the bed is required.

Reducing the heat fluxes to the seawater (with a hot gas as

the heating fluid instead of steam, for example) could reduce

scaling tendency. Also, additives might reduce scaling.
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Figure 3-15. Precipitate- Removal Filter



4. CORROSION-EROSION TE~T OF ROTOR MATERIALS

In the Biphase desalination-power system, a two-phase turbine

expands hot seawater. In the turbine, a two-phase jet of seawater

and steam flows from a nozzle on to the turbine rotor. A corro-

sion and erosion r~sistant rotor material is necessary for accept-

able turbine life. The rotor material also experiences stresses

due to rotational forces which limit the rotor speed.

We built an experiment to simulate the rotor-material environment

where the two-phase jet impinges on the rotor. Twelve material-

and-coating combinations were exposed to a two-phase jet in 4-hour

screening tests.

OBJECTIVE

Identify rotor materials which can withstand the corrosion and

erosion due to impingement of a hi’h-velocity steam-and-salt-water

jet.



TEST APPARATUS

Figure 4-1 shm~s the test apparatus. Hot seawater expanded

through a small nozzle and impinged onto a material sample. The

two-phase jet bulk velocity was S00 _+ 50 ft/s, determined by

measuring the nozzle thrust and flowrate. The jet impinged at

a 30° angle to the face of the sample. A fixture held the sample

and induced a tensile stress on the sample surface. A strain gage

on the reverse (compression] side of the sample measured the stress.

Figure 4-2 shows the sample and holder demensions. Figure 4-3 shows

the details of the small two-phase steam-and-seawater nozzle. The

housing around the sample maintained a steam environment at slightly

above ambient pressure. A small stream of nitrogen flowed into the

housing to eliminate air at the start and maintain a slight positive

pressure.

RESULTS

Table 4-1 summarizes the composition of the samples, and

the tests results. Each sample was exposed to the steam/seawater

jet for four hours. Because of the limited time only qualitative

results are possible. Additionally, the test probably does not

show the effects of incubation time typical for cavitation’type

erosion. Th~ materials may begin to deteriorate rapidly after

showing little deterioration for this incubation period.

Figure 4-4 is a photo of a 6061T6 aluminum sample after exposure

to the two-phase jet. There is an eliptical impingement zone.

The triangular area below the impingement zone is the area over

which the flow traveled after hitting the sample. Figures 4-5 to

4-16 are enlarged photos (14X) of the impingement zones before and
after the tests.

The bare aluminum samples 6061T0, 6061T6, and 7075T73 all expe-

rienced pitting in the impingement zone, an irregular scale buildup

downstream, and general pitting on the rest of the sample.
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Figure 4-1o Corrosion/Erosion Impingement Test Apparatus
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Figure 4°3. Hin~ture Nozzle for Impingement Test



Table 4-1. Impingement Test Results

YIELD MODULUS DENSITY OBSERVATION

COATING 103 p.~ 106 psi PI~ S~r.~EP~ITS

i. 6061T0 7.2 i0.i 0.i0 YES YES

2. 6061T6 36 i0 .i 0.i0 ~S YES

3. 7075T73 51 i0.5 0 .i0 YES YES

4. 7075T73 ELECTROLESS NICKEL 51 10.5 0.i0 NO NO

5. HY-80 8O 29 0.29 NO YES

6. HY-80 INCONEL FLAME SPRAY 80 29 0.29 NO NO

7. HY-100 CM500 i00 29 0.29 NO * NO

8. AISI610 TMT VAPOR DEPOSIT 215 27 0.29 YES NO

9. 316 STAI~.~-~S STEEL 39 28 0.29 NO NO

I0. 316 ST~.~-~S STEEL 39 28 0.29 NO NO

ii. INCONEL 625 72 31 0.30 NO NO

’ 12. Ti-6AI-4Vn 122 14.9 NO NO

* Surface Cracks in Impingement Zone.



Figure 4-4. Aluminum After Exposure





Figure 4-6a. 6061T6 Before Test

Figure 4-6b. 6061T6 After Test



Figure 4-7a. 707ST73 BeFore Test

Figure 4-7b. 7075T73 AFter Test



Figure 4-8a. 7075T73 With Electroless
Nickel Coating, Before Test

Figure 4-8b. 7075T73 With Electroless
Nickel Coating, After Test
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Figure 4-9. HY80 After Test



Figure 4-10a. HYS0 With Inconel Flame
Spray, Before Test



Figure 4-11a. HYI00 With CMS00 Coating,
Before Test

Figure 4-115. HYI00 With CMS00 Coating,
After Test



Figure 4-12a. AISI610 With TMT Coating,
Before Test

Figure 4-12b. AISI610 With TMT Coating,
After Test



Figure 4-13a. 316 Stainless Steel,
Before Test

~ignre 4-13b. 316 Stainless Steel,
After Test
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Figure 4-14a. Adiprene Coating on
316 Stainless Steel, Before Test

Figure 4-14b. Adiprene Coating on
316 Stainless Ste~l, After Test



i~urc 4-I5b. Inconel 525, A£ter Test





The 7075T75 alulllinum with a 0.002 inch coating of electroless

nickel showed no effects in the impingement zone. Around the

impingement zone the surface turned a brown-orange color but the

surface texture remained the same. Both 7075T75 samples were

stressed to 42% of yield stress instead of 70%. This is the

stress in a rotor made of 7075T75 that is rotating with a 900ft/s

tip speed. For other materials (except AISI 610) the 70%-of-

yield stress corresponds to a tip speed less than 900 ft/s.

HY-80 is proprietary high-strength, low-alloy steel produced by

Lukens Steel Co., Coatesville, PA. The HY-80 sample showed orange

deposits over the whole surface of the sample. The deposits were

worn away in the impingement zone, exposing a smooth surface with

no pits.

An HY-80 sample with an Inconel 625 flame-spray coating showed no

effects of the jet impingement on the coating. The back side

of uncoated HY-80 had the same orange deposits as the uncoated

HY-80.

HY-100 is HY-80 with a different temper providing higher strength

but not as good corrosion performance. An HY-100 sample was coated

with CM-500, a very hard vapor-deposited tungsten-carbon material

which is a p2oprietary product of San Fernando Laboratories. The

CM-500 coating looks like shiny bumps about 0.01 inch across.

After exposure to the jet, in the impingement zone, the bumps

appeared laced with small cracks about 0.001 inch apart. A longer

test is necessary to determine if the observed cracks will develop

.into pits.

A sample of AISI 610 (D4 tool steel) was coated with TMT vapor

deposit, a proprietary coating applied by Turbine Metal Technology,

Burbank, CA. The coating appeared to be worn away in the impinge-

ment’zone with pits in the coating around the zone. The AISI 610

sample was stressed to 29% of yield stress instead of 70%.



Samples o£ 316 stainless steel, Inconel 625, Titanium (Ti-6A1-4Vn),

and 316SS with a 0.2 inch thick Adiprene covering showed no effects

from the jet impingement. Adiprene is a proprietary abrasion

resistant urethane rubber made by DuPont.

~he two-phase nozzle built up a thin layer of calcium sulphate

during the course of testing.

CONCLUSIONS

All materials and coatings tested held up for 4-hour screeni’ng

tests except the bare aluminums and the TMT coating on AISI 610.

The CM-500 coating is suspicious due to the appearance of surface

cracks. The materials which passed so far should be tested for

longer periods to determine incubation time effects, and resistance

to cavitation type erosion.



5. TURBINE PUMP UNIT FOR REVERSE OSMOSIS

The Biphase turbine can use the brine rejected by a reverse-osmosis

plant as a working fluid. The turbine recovers pressure energy

from the waste brine. If the brine is heated, the turbine can

produce additional power from the input heat.’ Previous cycle

studies [i) showed that the turbine can beneficially provide power

for the reverse-osmosis high-pressure pumping.

DEVELOPMENT

Figure 5-i shows the expected evolution of the application of the

Biphase turbine to revers~smosis desalination. Currently avail-

able is a system combining a RO high-pressure pump, a Pelton wheel

hydraulic turbine, an induction motor~generator and a Biphase

waste-heat-recovery turbine. In this case the Biphase-turbine

working fluid is fresh water circ.ulating in a closed loop. The

turbine converts waste-heat to shaft power. The motor-generator

provides flexibility and control by eithe~ generating excess

electricity or providing additional power to run the RO pump.

The first step in development is to improve the power recovery of

the hydraulic turbine by using a Biphase reaction turbine. This

turbine has the potential for both improved efficiency and simple

integration with the two-phase-flow turbine. The next step com-

bines both the hydrauli~ower recovery and waste-heat recovery

into one machine. Finally, the high pressure RO pump is added to

the turbine. The result is one machine providing hydraulic-power

recovery, RO pumping and power production from waste-heat sources.

The intermediate machines are potentially valuable themselves,

depending on the particular RO environment. The hydraulic turbine

alone with pump and motor would be used where no waste-heat source

is available.
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HYDP, AULIC REACTION TURBINE

The reaction turbine concept has potential for high efficiency

recovery of the RO reject-brine pressure energy. Also the mechan-

ical configuration of the reaction turbine makes it easy to inte-

grate in a single machine with two-phase-power production.

Figure 5-2 shows the reaction turbine concept. High-pressure fluid

expands through an entry nozzle. This nozzle converts the pressure

energy to kinetic energy. The jet of fluid with large kinetic

energy enters a rotor whose speed at the point of entry is nearly

the speed of the iet. The fluid then flows through passages in

the rotor to a larger radius, where reaction nozzles expel the flow

out of the rotor. The large centrifugal pressure gradient supplies

the driving force. The velocity of the flow out of the reaction

nozzles is in an opposite direction and almost as large (in magni-

tude) as the rotor speed at the reaction nozzles. So, the absolute

velocity and hence, the kinetic energy of the flow leaving the

rotor is low. The ~nergy difference between the mass flow enter-

ing and leaving the rotor is the energy converted by the rotor to

shaft power.

Appendix C describes the fluid mechanics of the reaction turbine

operation. The overall turbine performance is derived from analysis

of the losses in the turbine. The losses are specified as £ollows:

i. Inlet nozzle efficiency (nozzle-exit kinetic energy divided

by isentropic energy drop through nozzle). Based on pipe

friction data, 95% nozzle efficiency is reasonable.

2. Reaction nozzle velocity ratio (reaction-jet relative velocity

divided by isentropic velocity). Again~ based on pipe friction

data, a velocity ratio of .975 is reasonable. This corresponds

tea nozzle efficiency of 95%.

Angle of inlet jet relative to rotor inlet. This specifies

losses inthe transition of flow from the inlet nozzles to

the rotor. The angle depends on how well the inlet nozzles
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Figure 5-2. Reaction-Turbine Concept



are packaged around the rotor inlet. Increasing the rotor

size, increasing the number of nozzles, or decreasing the flow

and nozzle size gives a better [smaller) inlet angle. A 150

angle is reasonable which results in an efficiency of 93.3%.

Windage and bearing losses, These are a function of the rotor

size and speed.. A reasonable assumption is that these losses

are 2% o£ the £sentrop£c power available £n the brine £1ow.

The losses will probably be less than 2% for larger flows.

With these assumed losses, the turbine will have an efficiency of

70% (shaft power divided by isentropic power in brine flow) at the

turbine design point.

Figure 5-3 shows that adding the hydraulic reaction turbine to a

100 gpm Re plant (seawater feed, 33% recovery) reduces the pumping

power consumption by 359. Assumed component efficiencies are

marked on each component. The reaction turbine operates at about

i0,000 rpm and so the turbine power includes an additional i% loss

for a speed reducin~ connection. Table 5-I summarizes the turbine

specifications for this system.

The nozzle sizes and rotor speed set the design point of the turbine.

Efficiency can be kept at the design point level by adjusting the

turbine speed for changes in the inlet pressure. If the speed and

inlet pressure are not adjusted together, the efficiency drops.

For example, with speed constant, efficiency drops 78% when inlet

pressure drops 3S% from the design point level. Increases in inlet

pressure at constant speed do not penalize turbine efficiency as

much. A 30% increase in pressure decreases efficiency by 7%.

Reverse-osmosis systems run at a. nearly fixed condition. The reject

brine pressure may increase slightly in time as the Re membranes

age and become dirty. Active control of the turbine speed (after

tuning to the system) is not necessary.

A 200 gpm turbine would have an ll-inch diameter rotor. The size

is a compromise between iower-inlet-nozzle angle losses in larger

turbines and lower windage and lower costs for smaller turbines.

The optimum size is about the same for 5 to 200 hp turbines.



a} i00 GPM RO SYSTEM

300SALTLOW GPMp~URBwATER

~
~ 163 kW

900 psi
~ pRESSURE
SALT W&~R

~ 200 GPM

~ i00 GPM

b) i00 GPM RO SYSTEM WITH HYDRAULIC REACTION TURBINE

300LOW PRESSUREGPM" "

SALT WATER 106 kW

~ 200 GPM

~ I00 GPM

Figure 5-3. Baseline RO Cycles -Seawater Feed



Table 5-1. Turbine Specifications

Inlet Pressure 850 psig

Flow (concentrated seawater) 200 gpm

Rotor Diameter at Reaction Jets 11 inch

Rotor Inner Diameter 6.65 inch

Rotor Speed 9300 rpm

Shaft Power Output 69 hp



Figure 5-5 shows how a 69 hp, 200 gpm turbine would save 57 k~ in

a RO system. If these units sold for $12,000 each, simple payback

period for the user is 0.55 yr. This assumes electricity cost of

$0.05/kW-hr and a 90% on-line factor.

The two-phase version of the Biphase turbine can generate additional

shaft-power for RO pumping. A heat source heats the reject brine

which then expands through a two-phase turbine. The turbine re-

covers the hydraulic power in the brine and produces additional

power from the heat source. Figure 5-4 is a schematic of a combined

reverse-osmosis and two-phase turbine system. This system is used

when a source of waste-heat is available. The 350°F maximum tem-

perature of the waste brine is based on our seawater fluidized bed

heat exchanger experiments. The overall performance ratio for this

desalination system is 5.6 pounds of fresh-water output per 1000

Btu of heat input. ’

C~B~I~ OF HIGH P~U~ P~ ~D TURBINE

The high-pressure pump and Biphase turbine shown in Figure 5-4 have

the potentia£ of being combined in a single machine. This ma~ine

provides the pumping power, the pump, and pressure recovery device.

Figure 5-5 shows one concept for this machine’s design. Heated

high-pressure brine enters the housing through nozzles on the right

side of section A-A. The high velocity flow from the nozzles enters

a Biphase reaction-turbine rotor, leaving the rotor through reaction

nozzles. The brine flm~ provides power to the rotor which is ab-

sorbed by a Pitot-type seawater pump attached to the back side of

the rotor.

The l~quid is introduced on to the pumping side o£ the machine

rotor (four different schemes for introducing liquid have been con~

sidered and are described below). A pitot diffuser then converts
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Figure 5-~. Biphase/Reverse Osmosi~ System with Rejec~ Brine Working Fluid,
Maximum Seawater Temperature 330OF, S0*Inch-Diameter Turbine
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the ~lneti¢ energy 1~ pte~..te in fhe liquid, To let ~ p~i

¯ -¢-~-~ for ~a~ref E~.~th An ~ pl~nt dlffu~r~ the liquid

~y~l be ~cceler~ted to ~2~ ~I/~e~. ~he et{Iclen¢~ o£ ~¢¢elel~llon

and e(fl~len~ of the pitot dlf~u.er are central to the pu~p per-

~ormance.

Ft|ure ~,~ t||u~trste~ the four ~ethod~ of Intto~uctn~ It~u~d onto

the rotor for pump|n~ purpo~e~,

In method I in Flgur~ $,e. liquid contact, the rotor disk near lt~

center and acce|erate~ to the outer radlu~ in the manner of an

o~en unahrouded rotating.cup atoul:er. Critical for efficiency ta

the amount of ~llp oC the fluid in the tan~entla! direction on

rotor. Fra~er et sl (~] give the follo~ln| condition ~or nearly

~l~p- ~ree operation.

;_ -
n~

~here ~ ¯ flo~ rate (k|/~ec)

~ ° viscosity (kg/m~)

~ ° dianeter (m).

Usin| s (lo~ o( ZOO |~, a v~ter v~CO~ty Of 10.3 kg/m.t ~fld 

4~sk di~eter o~ tt inches yiet4s I v~tue of t4.4S0 ~or ~, ~htch

is ll.~ times t~r~r tht~ the ~bove ttmit. Hence, Slip vitt b¢

substsnt Sit,

The rsdl#l velocity of the fluid, #s it lesve~ the (ice of the

rotor ~d enc~ter~ the flu, Is al~o liven by Fraser’s equltionl

for no-txngential-~iip ¢~ltl~. This gives a l~r Vials ~or

the radial vel~lty, vhich represents kinetic energy vhich is

dlJsiplt~ at the rim. ~ith s slip.free asiatic, the e~ttcle~cy

o( fluid Kceleratl~ (rice of c~nge of usetul kinetic energy 

the fluid divld~ by the ~r input to the rotor) Is ~ly ab~t

27t (or t~lcsl ~ c~ltl~s. T~it Is t~ 1~ for a practical

aschl~e. 70
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CONCLUSIONS

The Biphase hydraulic reactor turbine can recover the power in

the reject brine from a reverse osmosis system with an effi-

ciency of over 70%. The turbine would reduce the pumping power

required by the RO plant by 35%.

A two phase version of the Biphase turbine can be combined into

a zeverse osmosis plant to utilize waste-heat energy sources.

The system generates 5.6 pounds of fresh water per 1000 Btu

of heat input.

The combination of the high-pressure reverse-osmosis pump and

the power-recovery turbine in the same housing would provide

a simple machine. But the combination is not as efficient

as using a separate pump and turbine that are coupled together.



6. DESALINATION/POWER CYCLE APPLICATION

The Biphase desalination/power cycle, by itself (not in c~nbination

with other water systems) can generate power and fresh water from

waste heat sources and salt water. The waste-heat source heats the

salt water. The hot salt water expands through the two-phase turbine

to generate power. The turbine also separates clean steam which

condenses to provide fresh water.

In this section we present a conceptual design for a specific site,

San Nicolas Island. ~ur objective was to determine the system con-

figuration, interfaces with heat sources, and system costs and

benefits for a typical installation.

SAN NICOLAS ISLAND

San Nicolas Island, off the coast of California, is a Navy base

with about 300 residents. The base supports electronic equipment

for the Pacifi= Missile Test Range. Electricity on the island is

generated by diesel-generator sets which are a source of exhaust-

gas waste heat. Average power production is about 750 kW.

The San Nicolas power plant is indoors and readily accessible.

Figure 6-i is a rough sketch of the plant layout. Figure 6-Z is

a photograph of the plant and the adjacent storage tank for the

island’s fresh water.

Control of the engines is mostly manual. The operator starts each

engine.with an air motor controlled by a switch next to the engine.

Frequency and generator excitation are controlled manu~lly in the
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control room, though an engine governor adjusts for small engine

load variations. An operator is on duty 24 hours/day with a main-

tenance mechanic for one shift. Machine shop facilities are avail-

able, though there is no full-time machinist on the island. The

bus bar is operated at 4160 volts.

Usually, one of the more efficient i000 kW engines is used for

baseload operation, with the 350-kW or a 500-kW engine for peak

loads. Or, as a back-up, both 500-kW engines run together. From

January to May in 1979, the frequency of use for each engine was

the ~ollowing:

Engine Number P~ower (kW]. % of Total Clock Time

~ 505000 4455} usuallt Yogethe~Un

3 350 28

~ i0010000 4132 } S5% total

The SS percent for either 1000-kW engine plus 45% for both

500-kW engines gives lO0-percent coverage of the base-load require-

ment.

Figure 6-3 and 6-4 show power demand for 24 hour periods. Hourly

records are made of the exhaust-gas temperatures from each cylinder.

Figure 6-5 is a plot of actual exhaust-gas-temperature operating

points as a function of engine load. Engine-muffler make and pres-

sure drop are sot now known, though pressure drop typically is

i0 inches of water in these types of devices.

Island water demand is 35-30 kgpd. Currently, water is supplied

by four wells and ground water collection, which has recently been

expanded. Some wells were brackish with up to 11,000 ppm TDS.

Three 25-kgpd VC distillation units are on location but currently

not in use. These are diesel-powered and located near the beach.

When in use, these had required more maintenance and operator

attention than was originally planned.
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Symbol Engine

¯ #1 500 kW

~ #3 350 kW

¯ #4 1000 kW

÷’ #5 1000 kW

200

Figure 6-5.
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San Nicolas Engines
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BIPHASE DESALINATION/P~R SYSTE~

Different configurations of the Biphase desalination/power cycle

are described in a previous report (1). The cycles include single-

stage cycles and more complex two-stage cycles. The two-stage

cycles offer the advantage of higher power-production efficiency

because they include a high-temperature freshwater-working-fluid

upper stage. The saltwater-working-fluid second stage has a tem-

perature limited by scale formed by the salt water. The two-stage

cycles also offer some flexibility between power and fresh water

outputs. However, the design and performance verification of the

lower-pressure Biphase turbine is currently more advanced than

that of the turbine for the high-pressure stage. For a first

demonstration system, the cycle should be the simpler single-stage

cycle. A higher pressure stage could then be added later.

Considering engine location and operating practice, the Biphase

system should be coupled to the two i000-~ engines on the west

side of the plant. The Biphase system could then be located on

an adjacent concrete pad. Figure 6-6 is a photograph of the

exhaust ducts and radiators from these engines. The exhaust ducts

would connect with a fluidized-bed seawater heater. The exhaust-

gas flowrate’ from either of these engines is estimated to be

S.0 Ib/sec at 609 load and S.S ib/sec at full load.

Figure 6-7 is a schematic of the system. Seawater is pumped

through the condenser where it provides cooling and is heated to

160°F. Then the seawater is heated by the engine exhaust gas in

a fluidized-bed heater. The hot seawater flows to the Biphase

rotary separator turbine (RST). The seawater expands to a lower

pressure and partly flashes to steam. The RST generates power

from the expanding seawater and separates clean steam. The steam

condenses in the condenser to form the fresh product water. The

remaining brine is pumped from the RST back to the ocean.



Figure 6°6° Exhaust Ducts from 1006okw Engines
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~e single-stage Biphase desalination/power cycle system with

400°F seawater maximum temperature can generate up to 57 hp addi-

tional shaft power and 5700 gal/day of fresh water. The overall

result is summariced in Table 6-1. Figure 6-7 shows the system

~lowrates during base power generation.

During peak generation, the flowrates increase by a factor of 1.9.

The cycle in Figure 6-7 assumes a maximum seawater temperature

of 400°F. If this maximum temperature is limited to 530OF, power

production drops by 55%, to 19 hp at baseload and 57 hp at the

peak. Fresh water production is not affected.

Power from the turbine can be used to drive an induction generator.

The power can then be fed into the bus bar. This w~ll reduce the

diesel engine load slightly, but not enough to change exhaust gas

flow very much.

PROTOTYPE SYSTEM COSTS

Table 6-2 lists breakdown of cost esti~ste for a prototype system.

System cost is $112,000.

The San Nicolas power plant is at 600 feet elevation, approximately

1.S miles from the nearest beach. A four-inch pipeline runs from

a house next to the unused distillation units (2.5 miles away at

the beach) to the main fresh:water storage tanks for the island

which are 500 feet from the power plant. This pipeline might be

used for seawater supply to the Biphase system at the power plant,

hut can probably not handle salt-water flow. Pipelines to carry

salt water to the power plant and brine back to the beach are

estimated to cost $90,000. This added cost makes the San Nicolas

location costly for a prototype test situation.

If capital costs for a developed system are a third of the proto-

type costs, the specific cost is $1700 per kW of generated power

(at base load). The direct capital costs in terms of fresh water



Table 6-1 San-X/colas-Island System

Power - Plant Engines:

Either of two GM 567 V-16, each 1000 kW

Load:

Peak: lO00 kW

Base: o00 kW

Low: 590 kW

Energy Recoverable from Exhaust Gas:

Peak - (1000 kW); 5.5 lb/sec ~ 680°F; 589 B~u/sec

Base - ( 600 kW); 5.0 lb/sec ~ 500°F; 306 Btu/sec

Biphase System with Seawater Working Fluid:

Peak: Generates 57 hp and 5700 gal/day

Base: Generates 29 hp and 2900 gal/day



capacity would be $14 per gallon per day of fresh water production

capability. These costs do not include installation or other

dircct costs.

A demonstration desalination system using a Biphase rotary separator

turbine can generate 29 hp and 2700 gallons per day using the

exhaust gas from the San Nicolas Island power plant. During peak

power demand, production increases to 57 hp and 5700 gallons per

day.



Table 6-2 Prototype System Cost Estimate

Turbine 15"

Induct i~n motor

Fluidized Bed Heater

Air Cooled Condenser

Condenser/Heat Exchanger

Pumps - Main

Recirculating

Seawater

Fresh Water

Vacuum

Controls

instruments and Panel

Control Valves

Other Valves

Piping

Electrical

Heat Insulation

System Structured Skid

Exhaust Gas Ducts ~ Insulation

~as Duct Valves

Misc. Parts for Shop Assembly ~ Test

$40,000

2,000

30,000

4,000

S,000

1,000

1,000

l,S00

1,000

2,000

3,000

2,000

2,000

1,000

2,000

2,500

1,000

6~000

2,000

2,000

3,000

$112,000

87



APPENDIX A

LIQUID FLUIDIZED-BED ANALYSIS

Plow in liquid fluidized beds is correlated by Reynolds Number Red
and Galileo Number Ga.

Re = of Vdp

Ga offof - ~f) gdp3 (z)

where of, Op = fluid density, particle density

V = fluid superficial velocity

d = particle diameter
P.

~f = fluid viscosity

g = gravitational acceleration.

The minimum fluidization velocity, ~f, can be estimated based on

equations for pressure drop through fixed beds Ill]. Void fraction

is about 40 percent for spherical particles at minimum fluidization

velocity. Then,

The maximum velocity at which particles are entrained in the flow, Vt
is determined by the balance between particle drag ~nd gravity force.



where Dc = f(Re t) is the particle drag coefficient. Dc is about

0.4 for our range of interest. Ret is Reynolds Number based on Vt,

Figure A-I shows Remf and Ret as a function of Ga. Figure A-2

shows Vt as a function of particle size and density. Figures A-3
and A-4 give the relationship between fluid superficial velocity)

bed void fraction, and bed expansion.

Veenman [4] has found Ruckerstein and Shorr’s correlation to best

fit experimental results for wall-to-liquid heat transfer.

NUdp = 0.067 Pr 0"55 Redf’0"273 Ga0"522

if Redp Ga.0"58 > 0.09 {this condition is satisfied if V is not too

close to Vmf). Normal sea water at 300°F has Pr = 1.21. The fluid-

ized beds operate with V/Vt ~ 0.5 [see Figures A-3 and A-4). Fig-

ure A-I shows that approximately:

= 0.55 Ga0" 545 (6)Re0.st

Further, approximately:

Re = 1.06 ~f Ga0"5 45 (7)

Then for normal sea water with Pr = 1.21 at 300°F:

NUdf = 0.07(~f)"0"27 3

This equation can be used to estimate fluidized-bed wall-to-l~quid

heat-transfer coefficients.



46 7522

Figure A-1. Reynolds Number vs. Galileo Number £or Fluidized__~Beds



.. iFigure A-Z. Fluidized-Bed Super££c£al Velocity as a Function of
F~ticle Diameter and Dsns£ty





Figure A-4. Bed-Length Bxpansion as a Function o£
Bed-Void Fraction
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APPENDIX B

TEST SYSTEM INFO&~IATION

The following figures and tables appear on subsequent pages.

They describe the test system used for the fluidized-bed sea-

water heating tests:

i. Test system detail schematic

2. Valves list

3. ~easurements list

4. Data system

5. Seawater heating checklist

6. System shutdown

7. Things to check during testing

8. Calibration/checkout tests

9. Heat exchanger photos

The test system detail schematic shows the details of the test

system shown in Figure 5-4 in Section 5. Seawater enters the

system from a reservoir (a pool) at the lower right of the detail

schematic. The seawater flows through a boost pump, filter and

high pressure pump to the tube side of a shell-and-tube preheater.

From the preheater~ the seawater flows to the test heat exchanger.

The detail schematic shows three heat exchanger tubes in series.

This was the configuration for bare tube tests. After the test

heat exchangers, the hot seawater flowed through the test filter,

a back pressure valve and a separation tank which separated any

flashed steam. For the corrosion and erosion tests, the corrosion/

erosion test fixture replaced the separation tank.
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High pressure steam was supplied by a steam generating system (at

the top of the detail schematic). An electric Chromalox 25 kW

oil heater heated Culoria HT43 heat-transfer oil. The hot oil

flowed to the shell side of a shell and tube exchanger. Here the

hot oil generated high pressure steam on the tube side. The high

pressure steam flowed to the test-heat-exchanger steam jackets.

Back pressure valve BPCV8 controlled the steam pressure. From

this valve, low pressure steam flowed to the shell side of the

preheater. A I00 Ib/hr steam boiler supplied additional steam to

the preheater. Regulating valve FRV9 controlled the steam pressure

in the preheater.

Condensate from the preheater collected in a receiver. From the

receiver the water was pumped by a variable speed positive dis-

placement pump back to the high pressure steam generator. The

high pressure steam flow was adjusted by adjusting the pump speed.





SYMBOL

V1

V2

V3

V5

V6

RV7

BPCV8

P~9

VI0

VII

VI2

VI3

VI4

VIS

PRVI6

VI7

SVI8

VI9

V20

V21

RV22

BPCV23

RV24

RV25

RV26

V27

V28

V29

B-2 VALVES LIS1

FUNCTION

Open - oil bypass of filter

Close - oil bypass of filter

Open oil flow to/from accumulator

Open to drain oil heater

Adjust cooling water for oil pump

Open to vent oil accumulator

Water relief at water pump, 450 psig

Test HX steam pressure control

Preheater steam pressure control

Open to drain receiver

Adjust subcooling flow to water pump

Open for l.p. steam flmv from boiler

Adjust non~condensibles vent

Open for city water supply

Open for city water supply

Control city water supply to system, 40 psig

Open for boiler blowdown

Automatic control of boiler water level

Open for seawater supply (at pool)

Open to admit fresh water to sem~ater lines
(at pool)

Open for semvater sample

Seawater relief at sem~ater pump, 42S psig

Control seawater back pressure in test HX

Steam relief on boiler

Oil tank relief, 40 psig

Regulate Argon gas supply to oil tank

Argon shut off

Open for oil flow to oil tank

Close to bypass oil to oil tank

9?



B-3 MEASUREMENTS LIST

READOUT/RECORDER
Ka~e # / Panel SENSOR LOCATION MEDIA

Tl lO1 .,/ preheater inlet seawater

T2 102 x test HX i~let seawater

T3 ]03 x test HX outlet I seewater

T4 104 x test HX outlet 2 seawater

T5 I05 x test HX outlet 3 seawater

T6 106 x test HX condensate water/steam

T7 lO/ x fresh water pump inlet fresh water

T8 108 x steam generator inlet fresh water

T9 I09 x test HX steam inlet steam

TlO llO x oil heater inlet oil

Tll 111 x steam generator inlet oil

TI2 I12 x steam generator outlet oil

T13 113 x oii tank oil

READOUT LOCATION
(If not at panel)

Cf P9

Cf Pl 0

Pressure PI x seawater pump outlet seawater

P2 x oil pump outlet oil

P3 x oil ori lice .AP oil



Page 2

MEASUREMENT

Pressure P4

READOUT/RECORDER
Ka~e # / Panel SENSOR LOCATION MEDIA

oil tank oil/air

~ADOUT LOCATION
(If not at panel)

above oii tank

P5

"P6

P7

P8

P9

ho

208

209

210

test HX outlet

fresh w~ter orifice AP

fresh water pump outlet

preheater (shell)

test HX steam

oil heater inlet

city water regulated pressure

seawater filter

vent orifice

steam boiler

test filter AP

seawater

fresh water

fresh water

steam

steam

oil Cf P~

city water

seawater ........... on seawater filter nE
preheater above stea~

air/steam boiler

steam

seawater

Flow F16 216 preheater inlet seawater

Level LI oii tank level oil oil tank

LE
receiver level water receiver

L3
boiler level water boiler

L4
seawater supply seawater pool



¯ " Page 3

HEASUREMENT
READOUT/RECORDER
Ka~e # / Panel SENSOR LOCAYION

Level L5

L6

test HX I

test HX 2

test HX 5

Speed S1

$2

S3

X

oll pump (BLACKMER)

fresh water pump (JAECO)

seawater pump (CAT)

MEDIA

- seawater/
fluidi zed-bed

READOUT LOCATION
(If not at panel)

Top of HXts

Top of HX’s

Top of HX’s

oll pump varldrive

panel control ler

CAT varidrive



B-4. Data Systems

TC
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B-5 SEAWATER HEATING TEST CHECKLIST

1. SECURE AREA

a. Fire extinguisher in place.

b. Personnel wearing safety glasses.

c. Testing in progress sign

d. Plug-in power cords.

Turn on Kaye, TC readout, power supply.

Verify all data channels are recording.

2. CITY WATER SUPPLY

a. Clean water filter if required.

b. Close V5, Vii. Open Vl4, Vls.

c. Adjust water pressure Pll to 40 psig with PRVI6.

3. SEAWATER SUPPLY

a. Sufficient seawater in pool? Record level.

b. Prime boost pump; open supply valve Vlg, close V20.

c. Boost pump ON, Seawater pump ON at 40% speed.

d. Adjust PS to 265 psig with BPCV23.

e. If fluidized-bed in test HX, verify bed expansion Ls, L6, L7.

f. Seawater pump OFF; Boost pump OFF.

4. OIL LOOP START-UP

a. Oil blowdown tank vent OPEN.

b. Fill oil tank I/3 full (cold).

C. Open V2, V3; Close V1, V4.

d. Oil pump O__N at 70% speed.

e, Set heater-sheath over-temperature T21 to 200°F.
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4. 011 loop Start-up cont’d.

f. Set heater control temperature T20 to 175°F.

g. Oil heater ON.

h.
temperatureClrculate Oilbelowthro)8)oF.filter for I0 minutes with oil

i. Turn ~adjust pump coolant water with V5.

j. Verify heater control operation.

k. Adjust pump speed for 6P3 = 10 psi.

I. Open Vl filter bypass.

m. Close V2 filter shut-off.

n. Heater set point T20 at 175°F.

5. STEAM BOILER and RECEIVER

a. Close Vlo, open 2 receiver level (Ll2) gage valves.

b. Fill receiver with Vll, verify float valve is OK. SHUT Vii.

c. Set boiler pressure control to 25 psig with 6 psi droop.

d. Close Vl2, turn __ON boiler.

e. Verify boiler level control.

Verify boiler pressure control.

f. Open Vl2. Adjust PB to 5 psig with PRVg.

g. Adjust API3 to __ in H2~ with Vl3.

h. Close VI2.

6. FRESHWATER FLOW

a. Open BPCVB (reduce backpressure).

b. Fresh water pump ON, adjust speed for AP6 = 50 in. H20 (lO0 Ibm/hr).

c. Open Vll to maintain receiver water level if required.
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Freshwater Flow cont’d.

Adjust P9 to 210 psig with BPCVB.

Allow fresh water temperature T9 to reach 175°F.

HP STEAM FLOW

Turn ON boost pump, seawater pump.

Adjust seawater ~ow for desired ~owrate or ~uidized-
bed expansion.

c. Adjust fresh water flow to expected steam rate by
adjusting fresh water pump speed S2.d. ~itoht~94~o~iO psigF ,i shinigncrea ss ehoul d heates rtart s e/hrougt hem pera tub rePCVG"

e. Gradually increase P9 with BPCV8 up to expected

operating steam pressure, Keep Tg at 5°F hotter than
saturation temperature at P9 by controlling heater set

temperature T20.

f. Increase oil flow with oil pump speed Sl if

T20- T9 ¯ 40°F.

Adjust T7 to 200°F with VI],

LP STEAM FLOW

Open Vl2; let P8 set~e at 5 psig.

Adjust API3 to in H20 with Vl3 and adjust seawater

temperature T2 (preheater ou~et) to desired lev~ 
adjus~ng P8 with PRVg.

Rea~ust ~ with BP~8 for desired ~ m~m~

tem~R ~.
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B-6 SYSTEM SHUTDOWN

DURING TESTS ON SEAWATER, SHUTDOWN PROCESS SHALL AVOID BOILING

OF SEAWATER IN THE SEAWATER LINES, KEEP P5 (TEST HX OUTLET

PRESSURE) GREATER THAN SATURATION PRESSURE AT THE MAXIMUM SEA-

WATER TEMPERATURE IN THE SYSTEM.

PROCEDURE:

3,

4,

5,

6,

7.

8,

9,

MAINTAIN OR INCREASE SEAWATER FLOW (MAY NOT BE ABLE TO

INCREASE IF BED PARTICLES ARE PRESENT).

TURN OFF O~L HEATER AND STEAM BOILER,

TURN OFF OIL PUMP,

INCREASE FRESH WATER FLOW ($2).

RUN FRESH WATER PUMP UNTIL T9 COOLS TO 212°F.

TURN OFF FRESH WATER PUMP,

RUN SEAWATER PUMPS UNTIL T5 AND T9 ARE < 200°F,

SHUT OFF SEAWATER PUMPS,

SHUT OFF CITY WATER, 480 V, AND PULL 120 V PLUG.
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check for proper temperature regulation and that needle is not stuck.

oil pump speed. If oil pump quits mysteriously with everything else
running, shut power OFF and reset relay in junction box.

check that steam boiler is ON, pipes hot and cut-off reset. Check
that automatic refill is maintaining steam boiler water level L3.

receiver level. Check that level is not to low, or if Vll is open,
that float value is properly maintaining level.

check for leaks in a11 piping and unusual noises in pumps and varidrives,

check seawater strainer (near pool) for excess air pocket(s).
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B-8 CALIBRATION/CHECKOUT TESTS ~

1. CALIBRATTON

a. CALIBRATE TC’s.

Measure output at 3 reference temperatures, ice/water, boiling water,
tin melting point (450°F).

b, CALIBRATE PRESSURE TRANSDUCERS.

Hydrostatic test. Compare output over range with reference gage.
Reprogram KAYE.

c, FLOW CALIBRATION.

(l)

(3)

(4)

Seawater flow: Plot turbine meter output vs, gpm and pump speed.
Reprogram KAYE.

011 flow: Plot o11 pump rpm vs. orifice ~P. Compare positive-
dlsplacement-oil-pump flow rating at various speed with orifice
prediction to confirm oll flow as function of AP and pump speed.

Freshwater flow: Plot flow vs. orifice AP and pump speed.
Compare with prediction,

Plot airflow vs. AP to confirm orifice characteristic and estimate
steam flow vs. AP:

OIL LOOP HOT TEST

Run oll loop ~ninsulated to 500°F. Check for leaks, instrument function.
No water in tubes of steam generator. Then insulate oll lines.

3. SEAWATER LOOP PRESSURE/FLOW TEST

Hydrostat seawater loop to 600 psi (test pressure of preheater tubes).
Flow test seawater loop with freshwater. Check for leaks, valve and
instrument operation. Check preheater for leakage to shell.

4. LOW PRESSURE STEAM LOOP

Generate steam up to 30 pslg in preheater. Check boiler operation, for leaks
and instrument operation. With fresh water flowing in preheater tubes,
measure heat rate to water at different water flow rates and steam pressures.

(1) Hydrostat to gO0 psi9; (2) Performance test of steam generator.
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Figure B-ga. Three Untnsulated Test Heat Exchangers, Top Section
Showing Sight Glasses I
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Figure B-gb. Three Untnsu]ated Test Heat Exchanger, Lower
Section ~o~ Expansion Joints ,
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APPENDIX C

REACTION TURBINE
FLUID MECHANICS AND THER~ODYNAMICS

In the reaction turbine the flow first accelerates through inlet

nozzles with efficiency ~N " The velocity of the fluid jet cI is

2 2
cI co

2 ~N[h0 " hls) + 2 (i)

The fluid kinetic energy of the flow entering the nozzle, c02/2 ,

is small and usually can be neglected. Figure Col shows the

nozzle expansion from the nozzle inlet pressure P0 to nozzle

exit pressure Pl on an enthalpy-entropy plot (~{ollier diagram).

The nozzle jet (state 1) next enters the reaction rotor at 

inner radium. The flow leaves the rotor at an outer radius at

the same static pressure (state 2). Figure C-2 is a schematic

of the reaction rotor and flow velocity triangles at the inlet

and outlet. At the inlet, the nozzle jet is in the plane of

rotation of the rotor. The jet velocity makes an angle a

relative to the rotor speed u1 (along a tangent) at the point 
contact of the jet with the rotor. So,

c81 = u1 + Wol (2)

ClZ = CelZ + Wml2 (3)

c01 = c1 cos a

iii



Po

ENTROPy

0 - entropy nozzle ~-~et

1 - nozzle outlet, rotor ~nlet

2 rotor outlet

FfgU~e Col. Mollier Diagram of Reaction Turbine Thermodynamics
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Figure C-2o Reaction Rotor and Velocity Triangles



At the outlet, the reaction jets expel the fluid from the rotor

with a velocity making an angle 8 with the rotor tip speed u2 .

Then

Ce2 u2 - w~ cos B (s)

The conservation of angular momentum in the rotor requires that

the torque T is

T = &(Cel r I - ce2 r2)

Multiplying by the rotor angular speed and dividing by the mass

flow ~ gives the specific power P/~ .

[& = cel Ul " %2 u2
(6)

This is Euler’s turbine equation.

The conservation of energy also specifies the specific power.

Equating (6) and [7) and rearranging, gives

2 2

hl + c~ " %1 Ul = h2 + c~ c82 u2 = I (8)

The function I = h + 1/2 c2 - uce remains constant anywhere
throhghout the flow in the rotor. We will use this relationship

to determine the velocity of the flow leaving the rotor.
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Figure C-1 depicts the rotor energy relationships specified by

Equations [6), [7), and (8). To determine the power output 

efficiency of the rotor, we start with the angular momentum

Equation (6) and substitute in (5) for 

~ = c01 uI - u22 + w2 u2 cos B

Now, defining a rotor efficiency ~r we get

nr~
¢12/2

(9)

(10)

The speed of the turbine is specified by Ul/Col and the geometry

(so far) is specified by a , B and the radius ratio rl/r 2 .
Note also that ~r specified by (i0) does not yet include windage

and bearin~ losses. The first of the three terms in the bracket

in (i0) is the normalized power of the inlet flow. The second

term is a loss due to radially outward pumping of the flow. And

the third term is the reaction power contribution of the reaction

nozzles.

We must determine w2 , the relative velocity of the reaction-
nozzle jet. Using (8), we will substitute the relative velocity

w and rotor velocity u for the absolute velocity c using the

absolute velocity triangle relationships. At the rotor inlet,

using (2), (5), and (4) have
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c12
I = hi + 2 " c8! Ul

I = hl + Wml2 2 + (Ul+Wsl)22 _ [Ul+Wsl)Ul

= hI
+ Wml__2 ÷ w812 Ul2

2 2 2

I = hI + ~122 - --.2--u12 {11)

Similarly, using the velocity triangle relationships at the

rotor outlet, we have

I = h2 + 2
2

(It)

With {ii) equal to (12), and solving for 2 ,

w2Z w12

2 = hi " h2 ÷ 2 +

2 2
u2 u1

C13)
2 2

Now we must consider irreversibilities as the flow moves on to

and through the rotor. We assume the fluid is incompressible.

By design, the pressure at states 1 and 2 is the same. So the

change in enthalpy is due only to a change in internal energy

from irreversibilities. Consider a two-step process from

state I to state 2. During the first step, the jet from the

entry .nozzle contacts the rotor. The flow slows to the speed

of the rotor so that there is no relative velocity between the

flow and the rotor. During this step the flow remains at the

inner radius r I In [15) this step is the irreversible change



of the kinetic energy into an increase in enthalpy of the flow

h~ So far then

2
wI

h2 - hI = 2
(14)

Now consider a second ideal step as the flow moves through the

rotor and reaction nozzles. With no irreversibilities and the

pressure remaining constant, hz will not increase anymore.
Then, combined with (14), Equation (13) for the complete 

step process gives an ideal w2 .

(
w22~2)ideal : u222 u122

Now, we characterize the friction and losses in the rotor

passages using a rotor velocity ratio ¢r

w2 actual ~6)
Cr ~ ’w2 ideal

Then, dividing (15) by u22 , 2 i s g iven b y

(17)

With (17) replacing w2/u2 , (i0) gives the rotor efficiency,

thqugh now in terms of the velocity ratio #p . We assume #r

is a constant in the rest of this analysis. Based on pipe

fraction factor formulas, Cr is at least 0.975 and could be as

high as 0.995. Experimental tests are required to measure #r "

We will use ~r = 0.975 hereafter.
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our assumption that all of w12/2 in (13) irreversiblyNote that

converts to enthalpy is conservative, The rotor might be

designed to take advantage of some of that energy to increase w2.

However, our analzsis does consider thst as the flow slows down,

the an~ular momentum of the relative flow contributes to the

torque on the rotor.

Using (17) tb substitute for 2 i n ( i0) g ives t he r otor e fficiency.

(is)

Summarizing, the overall turbine efficiency Br is the product of

the nozzle efficiency (i) and the rotor efficiency (18)

nT = nN nr (a, B, ¢01u ,1 rrl2’ #r)
(19)

By differentiation of (18) the optimum values of the radius

ratio and ~peed ratio Ul/C81 are the following (8=0)

(20)

(21)
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Interestingly, when these optima, values {which defend on ~r)

are used in {18) to determine r , th e re sult is tha t

(22)

Figure C=3 shows rl/r 2 ) Ul/Col and qr/COS2~ as a function of

Or With #r = 0.975 ) (rl/r2)op t is 0.605 and {Ul/COl)opt 

0.817. With an inlet angle ~ of 15 o and a hydraulic-entry-

nozzle efficiency qN of 0.95, the overall turbine efficiency

is 72%. ~is efficiency does not include bearing and windage

losses.
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